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Spatial acquisition and precision beam pointing funciions arc critical to spaceborne laser communication
systems, A rcccnt system study indica[ed  that a single high bandwidth CCD detector can be used to perform
both spatial acquisition and tracking functions. Compared to previous lascrcom hardware design, the array
tracking concept offers rcduccd  system complcxi  ty by reducing the number of optical clcmcnts  in the design.
Spccificall  y, the design requires ml y one detector and cmc beam steering mcchani  sm. 1 t also provides means to
q>[ically  C1OSC the point-ahead control loop. l’hc technology required for high bandwidth array tracking
was examined and shown to be consistent with current state of the arL It is believed that the single detector
design can lead to a significantly rcduccd systcm complexity and a lower system cost.
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1 ,ascr communication tcchno]ogy can improve the performance of space conmunica t ion systems by
offering higher carrier frequency and information band width. The small beam divergence resulting from the
short operating wavelength can also lead to an improved channc] wcu rit y and, more important y, can permit
communication systems to usc a smaller apcrt  urc antenna while providing incrcascd  channel throughput
comparable to radio frcqucmcy  systems. ‘1’hc resulting reduction in size and mass of the communication system
can lead to an incrcascd pa yk)ad capacity for the host spacecraft.

l;or planetary missions, the reduction in co]~~l~)~]]~icatio:)s”  systcm size can also lead to a simplified
spacecraft cfcsign. The lar~c 1{1~ antenna currently used by col]~]~)~ll)icatio]~”  systmns  can restrict the fielct-of-
vicw of scientific instruments. It also imposes constraints on the atlitudc  control of the spacecraft since the
antenna must bc kept pointed at the rcceivin~  site. in contrast, a smallm optical c~)]l)l]lt}l)icatio])s  instrument
can be articulated indcpcndcnt  of the spacecraft attitude, and can permit more options for spacecraft control.
A smaller col]?~l~~ll)icatio~]s  package also eliminates the need for an unfurlablc  antenna and a large scan
platform boom, thereby simplifying the spacecraft design. in some cases, the reduction in size can also permit
a wider  diversity of launch vchiclr  options. I’his latter fact is particularly important given the fiscal
projection for NASA’s planetary program. Smaller spacccrafts currently being propowd  for the planetary and
space physics missions, such as the I;xplorm  and I)iscovery-c]ass  spacccrafts,  will impose stringent demands cm
the communication system. For thmc missions, laser cO1l)l)~~]~)icatio:)”  technology offers an attractive method of
providing increased data throughput while  at the same time decreasing the mass and size of the
co)llllll]llicatic)])s  subsystcm. Additionally, lascrcom  technology can be applied to near-~iarlh space
collllllll])icatic)]l  systems. I’hc high information bandwidth of the optical channel can permit  intersatcllitc’
crosslinks to operate at data rates in cxccss of several hundred me~abi  ts per second  while at the same time
offering improved channel security and decreasing the ctcpndcwcy  on foreign ground  tracking stations.

‘I”he narrow transmit bcamwidth  of the lascrcom system, on the othm hand, can impose stringent
demands on the pointins  control accuracy of the instrument. ]naccuratc beam pointing can rcsul t in large signal
fades at the receiving site and a scwcrcly dc~radect system performance. Since the uncertainty in the
spacecraft attitude is much larger than the bcarnwid th, an initial acquisition procms  needs to be pcrfornwd  to
acquire the receiver location. Ikrthmnorc,  since the spacecraft attitude errors  duc to dcadband  cycle and
random platform jitter are also much larger than the transmit bcamwidth, a dedicated pointins  control
subsystem is required to red ucc the si~nal 10ss d uc to pointing mwr. Such a subsystem must be capab]c  of



tracking the receiving station such that the residual pointing error is 1[’ss than approximately 20% of the
diffractic)l~-lil~~itcd  bcamwictth.

I’hc required pointing acquisition and tracking subsystems for Ia.ser  c{)ll~~~ll~llicatioll  instruments have been
dcvclopcd  and tested for several systems in various stages of flight readiness. } Iowmwr, these previous
subsystem designs tend to be very complex as the designs gcnmally  employ  decade-old technology. For
example, two separate cleleciors  arc required for spatial acquisition and tracking, and two beam steering
mechanisms are required for line-of-sight stabilization and point-ahead cml~pcnsatim. Because of the design
complexity, cxtmsivc  efforts were required to ensure functionality and to achieve the ctcsimt reliability. As
a result, these systems tend to be very costly and, in some cases, more massive than comparable 10’
tcchnolo~ics.

Rccmtly,  with the development  of high bandwidth, lar~c fc)rmat array ctctcctc)rs,  it has bccc)nw
possib]e to implement space laser col~~l~j~ll~icatic~l]  systems using  a single array detector for both spatial
acquisition and tracking [1-3]. A lar~c format dctcctm  can also permit  direct tracking of tlm point-ahead
angle, i .c., the transmit signal pointing can be maintained by masuring  tlw instantaneous point-ahead angle
and stabilizing it to the ctmircd  value. Since there is no need to stabilize the reccivcv line-of-sight, only mc
steering mirror is required to maintain the pointin$ stabi]i  ty and to compensate for’ the point- alwad angle, By
reducing the number of detectors and slccring mirrors, the optical design can also be simp]i ficd as a smaller
number  of optical relay clenwnls arc required to relay the pupil planes.

‘l’his paper will dmcribc  the ccmceplual  dcsi~n  and considerations pcrtincmt to the use of (CD arrays in
spatial tracking applications. By of fcrins  considerable design  simplification, the CCIYbascd  tracking
concept can result in a rcduccd  hardware compkwi  t y and hence a lower il~~~>lc:~~el~tatic)l~  cost for future flight
lascrcom  systems.

A spaceborne laser cor~~l]~~l~~icatio~~  system gcncral]y  performs four major functions: (a) deliver a
collimated optical signal which is modulated by the transmit data stream, (b) acquire a remote beacon signal
and orient the system line-of-sight, (c) track the beacon si~nal in order  to maintain the transmit signal on
target, and (d) mccive,  detect, and dmmdulatc  the optical signal sent from the remote terminal. Among thcsr,
the spatial acquisition and tracking functions have long been re~arcled  as the most difficult aspects of the
lascrcom system design.

in order  to achicvc the desired pointing accuracy, an auxiliary pointing sensor and a beam steering
nwchanism  to compensate for p]at form vibration must be integral parts qf the lascrcmn inst rumcnt  design.
Sensing of pointing error is typically accmnplishect  with the aid of a beacon signal from the rccciving site.
‘l-hc beacon  signal cicfincs a directional reference from which any deviation produced by the platform
disturbance can bc rcfcrcnccci.  This beacon direction and the relative’ velocity vector bet wccn the transmit and
receive platforms define the desired direction to transmit the downlink  signal. By scmsins the deviation frmn
this desired  pointing angler and feeding back the error signal to the beam steering elements, the lascrcom
system can stabilize the pointing even if tlw platform jit tcr is several t imcs larger than the rcquircct  pointing
accuracy.

A conceptual block diagram of tlw array-based tracking systcm is shown in IJigurc 1 [1]. A remote beacon
laser is imaged  by the tclcscopc optics onto the focal plane array. By reading out the area of the detector
containing the bcacm signal  and calculating the ima~c ccmtroid,  the angular direction of the beacon can be
accurately deduced relative to the optical axis of the system. A small amount of the transmit signal can also
bc imaged onto the acquisition detector and the location of the trallsnlit  signal can bc nlcasured  relative to the
optical axis, ‘1’he  distance bctwccn  the two image spots in the focal plane is a direct measure of the relative
angular offset  between the transmit and beacon signals. By sensing any diffcrcncc bctwccn  this measured,



instantaneous poin{-aheaci anfile and the Ctcsircci  point-ahead value, the instrument can derive a real time
control sifylal  to maintain the pc)inting  of the transmit signal on target,

“1’hc  actual beam steering control is achieved using a nested control lcmp [4]. ~’he measured  platform
disturbance is fed back to a fast steering mirror in the optical path. ‘1’hc fast steering mirror compcmsatcs  for
the high frequency, small amplitude disturbances. A slow gimbal control loop then rcnmvcs  the bias and
maintains the steering mirror at the middle of its dynamic range. large amplitude disturbances such as the
clcad band cycle of the spacecraft arc also rcnmvrd  using the coarse pointing gimbal. Additionally, the
gimbal is used to orient the instrument line of sight during initial acquisition.

lnstcad  of stabilizing receive and transmit lines-of-sights individually, the array detector-based
tracking concept described above requires only the relative angle bctwcm  tlm transmit and rcccivc  beams to be
stabilized. As a result, only one steering mirror is required to close the pointing control loop. in contrast,
previous designs of lascrcom systems generally achieved tlw desired pointing accuracy by using a directionally
sensitive deteckm such as a quadrant avalanche photodiodc  (QA1’11) to measure the angular error between the
detector line-of-sight and the beacon direction [5-61. 2’}w error was then fed back to a hi~h bandwidth steering
mirror to stabilize the detector line-of-sight alonS the bcaccm direction. A second point-ahead mirror in the
transmit beam path was then used to provide the rcqui  red pointing offset between the transmit and rcceivc
si~nals. Since the quadrant detector has a limited field-of-view, a separate, larger format detector was
usually required  to provide t}w wictc field of view coverage during the acquisition prwcess.  Furlhcrmorc,
additional optical relay clcmcnts  were required to channel the optical signals bctwmn  the steering mirrors
and the detectors.

in addition to simplifying the optical design, the array ctctcctor-based pointing cent ml concept also has
the advantage over conventional quadrant-detector based tracking systems in that a direct optical feedback
for the point-ahead angle is available to the control loop, thus eliminating the need for additional sensors to
nwasure  the point-a}wad  angle. l’his  would also help eliminate the need for careful borcsi#~t alignment.

‘1’lw large format array detector required for hi~h band wict th trackinx can be in~plmncntcd  using either
the charge coupled dcvicc (CCII)  or charge injection  device ((311). “1’hc C31k offer direct pixel addressing.
} lowmwr, the Cl]> technology is less mature and the devices are not as readily available. At the same time,
recent  advances in CCII fabrication technology have rcsul  ted in high rcactout  rate dmiccs  with high quantum
efficiency and no dark 701WS, }tor these reasons, the CCl ) is chown  for illl~)lc’]l)cl)tatiol).

in order  to cffcclivcly acquire the remote beacon in the presence of initial attitude uncertainty of the
host spacecraft, the acquisition detector array must possess a sufficiently large field of view to cover the
uncertainty 70nc. For modern spacccraf ts, this is typically on the order  of i 1 mrad. At the same time, the
pixel  resolution  of the CCI) must be sufficiently fine such that the error in position information derived from
tlw CCII is small compared to the desired pointing accuracy. For a 1 Ocm transmit apmturc  system, the
required pointing accuracy is on the order  of 2 urad. If the cmtroid  algorithm can prcwidr  1 /10 pixel
resolution, then the CC] ) format need to be greater than 1()()x100 to cover tlw required field of view.

in order to operate the CCI> in the trackins  mock’, it is ctcsirablc that the readout time c)f the device bc
small compared to the integration time such that the cf(cct of ima~,e blurring duc  to vertical transfer is
limited. Furthermore, it is desirab]c to operate frame transfer /in~agc  storage devices such that the readout
can be carried out indcpmdent  of ima~e intcgra tion. l~inally,  in order to achieve the desired tracking control
accuracy, the ccntroict  positions must be updated at a sufficiently high rate such that the image movement in
bctwcvm updates is small compared to the desired pointing accuracy. For tracking a ground-based station from
a spacebascd  laser transmitter, the required image ccwtroid  update rate should h in cxccss of 2 k] 17,,



Gnvcntional  C(H) imaging systems read out cvmy pixel in the dctcctm. ‘t%c maximum vertical and
horizontal transfer clock speed is typically on the order of 5-10 Mf 17. ‘1’he actual pixel readout rate is a
function of tlw desired  read noise level. A slower read speed can result in a lower effective noise ICVCI
whereas a higher readout rate generally implies a larger  readout noise. Dccausc of the large number of
individual pixels in an array cietcckm,  a clctcctor  with tlw rcquirvd field  of view and pixel resolution will
gym-ally  have a relatively slow frame read speed. For example, with .5 MI17, vertical and horizontal
transfer rates, a 1OOX1O() detector  can be read out no faster than every 2 ms. ‘l’his frame rate (500 } 17,) is far
below what wouldbcrcquircd  forcffcctivc  ]>latforl~~  jittcrco~~~}>cl~satio~~. An altmnativc  will be to read out
onlya  portion of thcpixe]s  that are critical to the tracking, namely the areas around  thcbcaccm  and transmit
laser spots. At tl~cbcgil~l~il~  $(~ftl~crcad  cycle,  thcil~~age zol~eistral~sfercd  il~tot}~cs toragcz ol~cs~lcl~tl~at
il~tegratio]~  cal~l>ccol~d~lctcd  indcpcndmt  of thesubsequmt  imagcrcadout. A “windowed” read operation can
tl~cl~l>c]>crforl~~ed  by clocking thcvertical  transfcrlincs of the’CCIJ such that only tl)clil~es  col~tail~il~gtl~c
areas of intcv-cst  will be react  cm a pixel-by-pixel basis; whereas other lines will be skipped without being
read. S}~owl~il~ l~ig.2is  al~ill  Llstratiol~(~f thehighspmd  cl(~ckil~gc(~l~ce~>t.

‘J’he required time to read out two n by n windows from a frame transfer CCI> with N, by N~ active area
is given by:

where ‘l’v and ‘l’h arc the required time for vertical  and hori7m~tal  transfers, Tr is the required time for reading
out a pixel,  and ~<,vh is the processing overhead, rcspcctivc]y, ‘1’hc  first tmn on the R] IS is the maximum
numbw  of vertical transfers required, the second tcwn on tlw R} IS is the required number of hori7.cmtal  shifts to
read the 2 n image lines, and the third term on the 1<1 IS is the time to read out t}~c 2 n by n windows. As an
example, a I’hmnson 7863 (X3 J with 288x384 pixels image zone, operating with 2 Ml 17. vertical transfer rate,
10 Ml 17. horizontal transfer rate, and 2MI 17 pixel rcadcmt rate, will require lCSS than 800 PS to readout two 6x6
pixel windows. A fa stm- readout rate can bc achieved usin~ a smal lcr format detector and by increasing, the
vertical transfer rate. For example, a CCD specially designed for laswcom  applications [71 will have a
1(X)X1(X)  pixels active area and greater than 5 Ml 17 vertical transfm rate. Such a dm-icc~  can be read out at
greater than 5 kl 17 update  rate.

4. 1)01 N’I-l NC; CON”l’l<ol  ~ 1001>

With a discrete time, digital readout dcvicc such as the CCII, pointing control can be impkmcntcd  and
analymcl  using discrete time cmtrol  thmry. Shown  in l~ig. 3 is a block diagram of the CCIJ pointing control
loop. ~’hc pointing accuracy is influenced by the platform jit tw spectrum, the signal to noise ratio of the CCI)
readout, and the accuracy of the ccntroicl  algorithm. }~or a di~ital  control system, the effects  of noise in th~
post-digitization circuit arc usually negligible.

~’he disturbance rejection function of the control loop is ~ivcn by [81

1
} ‘~(7’)  = -1+} 1$7.)} 1,,,(7.)

where 1 IC(z) and 1 l,,,(z) arc the discrete tire’ transfer functions of the’ compcnsaticm  control and the stewing
mirror preceded  by mm order hold, rcspcctivc]y. ‘l”hc compcnsatim  filter, 1 IC(z), is dcsigycd to optimize the
cti sturbance  rejection and bandwidth of the cent ml loop in order  to achieve high accuracy in the prcsmce  of
platform jitter.

‘1’hc main factors limiting the control loop mponsc arc the loop delay, the fine stwring  mirror frequency
rcwponsc,  and the sampling rate. “1’hc loop delay is an important factor as it affects the sampling rate and the
phase margin  directly. For a ~ivcn sampling rate, a larger phase margin can be achimwd  if the processing
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cklay can bc minimized. IJor a given processing dcla y, raisin~  the samplins  rate rcsul  ts in a better frequency
rcspomc  as thccross-over  frcq~lc]~cyillcrcascs. } lowcver, the corrcspcmcting incrcasc in the required loop gain
can cause other umdcsirablc effects when the sampling rate is incrcasccl  inctcfinitely.  Finally, given the
processing ctclay and the sampling rate, the design of the loop is a function of the mirror rcsmancc  frequency.
A lower resonance frequency will imply a lar~cr loop gain to maintain tlw desired cross-over frequency.
1 lowevcr,  a larger loop gain induces more peak overshoot and a larger noise equivalent bandwidth that may
affect the control performance.

“1’lw effects of the detector signal to noise ratic} and the ccntroiding  algorithm can also bc evaluated. For
a simple ccntroiding  algorithm, the x and y cent mids are calculated as

n
rx = x Kij iAx/ : K,j

i=l;j=l i= l;j~ 1
n

z

n
rY = Kij. jAy/ ~Kij

i= I;j= 1 i= I;j= 1

where Kij is the detected  photoelectrons in the (i,j)  pixel, and Ax,Ay are the x,y dimensions of the detector
pixel. It has been assumed that the ccntroiding  is pwfornwd  over tlw nxn pixel window around  the brightest
pixel.

A simple compu tcr profyam  is usccl  to calculate the rms error as a function of the cent mid ctcviat  ion and
signal-to-noise ratio. The image spot is modeled to be an Airy disk, and the read noise and shot noise arc
moctclcci  as Gaussian noise with standard ctcwiation  nr,),s. ~’hc results of thr  simulation indicated that the rms
error in estimating the ccmtroid location is inversely proportional to the number  of si~nal  photons collcctcd by
tlw rccciver, and is proportional to the rms readou t noise of tlw detector [91:

Arr,,),  = K O II,,,,, / N

where K. is a constant which is weakly dcpmdcnt cm the image spot siz.c and the actual image location (versus
the pixel boundary), and N is the total number  of signal photons within the ccntroiding  window. Shown in
l~ig. 4 is a plot of the rms cmtroiding  error vcmus WI total signal  count, N for a system with 60 clcctrms
readout  noise. The ccntroid is calculated over a 6x6 window, When the image spot size is =2 pixels, the
constant K. is approximately 11.0. ‘1’hc  constant is approximatc]y  12.2 when the image  spot size is
a}>proximately  4 pixels  wide. lkm systems operating with 10,000 dctcctcd photoclectrms  per frame and an rms
mist’ (shot noise + readout noise) of 200 cdcchwns, the resulting rms error is approximately ().22 pixels. ~’his
translates to an cffcctivc  shot noise-limited pointing accuracy of 2.2 prad for a f/20 systcm with 20 pm pixels.

in addition to the SNR dependency on tlm centroid accuracy, there is a ]>(~siti(}l~-dc~>cl~dcl~t bias on the
calculated centroid. The bias is zero when the image spot falls at the center of four ad jacmt pixc]s.  ‘l’he bias
grows to approximately 5% of the pixel when the image is translated by 1/4 pixel. ‘t’he bias is not a sensitive
function of the SNR, and conscquentl y can bc calibrated. shown  in Fig. 5 is a plot of the cmtmict bias versus
actual pixel translations.

A laboratory dcmcmtrat ion of the hi@ bandwidth CC1 )-based tracking loop is currcntl y being prepared
at the ]et l’mpulsion  1 .aboratory. ‘1’hc  ~oal of the dmwnstration  is to show that high bandwidth jitter
cmnpmsat  ion can be accomplished using the CC] >-based tracker. Shown in IJig. 6 is a block diagram of the
optical setup. The rcccive optical detector is not implcmcntcd, although it is relatively straightforward to
include it in the systcm. Note that only one beam steering mechanism is used to control the transmit-rcccivc
point-ahead an~lc.



lkm the dcnmnstration,  the platform ji ttcr will bc assu nwd to exhibit a first order  hl t tcrworth  spectrum
with 1 117 corner frequency and an rms jilter  of 16 urad [101. l:inc  pointinx mntrol  will be accomplished using
the two axis beam steering mirror 0’AIN-l  1) from Gmeral  Scanning. I’tw mirror has a 17} 17 first resonance
frequency. Analysis of the pointing control loop indicated that, with a processing delay  of 500 PS and a
cent mid update rate of 2 kl 17,, a rms pointing error of ICSS than 1.2 prad can be achieved. l:urthcrmore,  the
col~trol lool>will  have agail~l~~argil~  grcatcrtl~al~4  dl\al~d a~>hasc  l~~argil~grcatcr  tl~al~53” [81.

Analysis ofthcdctcctor  rcactmt  time also indicatccf  that tl~crcq~lircd  2kllz, ccl~troid~  l~>datcratecal~l>c
achieved using a commercial CCI> (Thomson 7863)  with custom readout electronics. ‘l’he 3’honwm~  device  has a
larger  format (576x384 with 288x384 active imaging area) than what is required to cover the field of
uncertainty (I OOX1OO). Iiurlhcmmrc,  the relatively slow vertical transfer rate of the CCIJ (=2 M]]7)  limits
tlweffcctiv  ccentroid  update  ratemm with windowrd  read. By limiting the active tracking area to the
lower 10OX1OO pixels, however, an cffcctivc  readout time lms than 400 I!S can be achicvul.  ‘l’he required
ccntroid processing will bLI accomplished using a dcdicatcd  digital signal  processor 0’1 ‘f ’MS 320C40 1’)S1’)
board. ‘1’he  1’1 1X1’ has parallel pipelines and can support a maximum of 50 MI:L.OPS.  The dcicctor  will bc
interfaced to the l)S1)  through a specially designed ga(c array logic which controls the detector clock
sequencing and keeps track of the pixel cmrctinatcs. ‘1’hc 11S1’ will compute the x and y cmtroids  “on the fly”
as each pixel is read. ‘1’hc  combined IH/ windowed read operation should provide a centroid  update rate of 2
kl 17. to satisfy the design rcquircmmt.

f. SU.MMARY

CCI )-based  spatial acquisition and tracking subsystcm can si~nificantly  rcducc  the design complexity of
a spaceborne lascrcom system. By offering a large field of view 10 cover the initial attitude uncertainty of the
host spamcraft,  the detector can be used for initial acquisition of the remote  beacon. With the use of a
windowed read algorithm, the cktcctor  can provide a sufficiently high posilicm update  rate to track thr
beacon  in the prescncc of platform ji t tcr. Furthcrnme,  a detector array can pcrmi t direct nwasurcmmt  of the
transmit-rcccivc  pointing offset  which can be used to control the point-ahead ang]~ without additional
sensors.

By realizing that a la sm-com  systcm ml y needs to stabilize the rclat ivc pointing offset bet wcen the
transmit and rcceivc signals, and not the illdividcuill~~)idi~dlk%ia~a)~d?l~tik~  ttdakiii$pi’oipyqd  pmclmsoxt(%LfNUS  32(
to an optical design which requires only me steering mirror for both platform jitter tracking and point-ahead
con]pcnsation. ~’hc reduction in design complcxi  ty can lead to a reduced system cost and an improved system
reliability. Furthermore, it can permit  the illl}>lclllclltati(~ll  of a new generation of lascrcom instruments
capab]c  of realizing the inherent advantages of optical frcqumcy  co]~~l~l~ll~icati(~]~  systems.

~’hc research dcscribcd  in this report  was carried out by the Jet Propulsion I.aboratory,  California
institute of ‘1’ethnology, under  contract with the National Acvonautics  and Space Administration. ~“hc authors
would like to acknowledge the work of Mr. IJ. Russell of I oral 110S for the refincmmt  of array-based tracking
ccmccpt, and I)r. G. Scvaston and Mr. S. Sirlin of ]Pl, for the initial feasibility study of the array-based
trackin~.
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Figure 2. Wimdowul read algoritl)m for an image transfcv  (X31.
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1 ~igurc 3. I;lock dia~ram of a CC I ~-baswi  tracking cent rol  loop.
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